X-Linked hypohidrotic ectodermal dysplasia (XLHED) is a human congenital disorder resulting in abnormal tooth, hair and sweat gland development. A candidate gene for the disorder has been cloned, but the function and full size of its putative protein product is unclear. We have identified a candidate cDNA for the mouse Tabby gene (Ta), which, based on phenotype and syntenic mapping, is postulated to represent the analogous murine disorder. Mutations have been identified in three different Ta alleles and Northern analysis indicates that the gene is expressed at increasing levels during embryogenesis (11-17 days p.c.), the period when affected structures develop. The putative protein product encoded by exon 1 is highly homologous (87% identical) to the predicted EDA protein product (135 amino acids), including the presence of a single transmembrane domain. However, the murine cDNA also encodes an additional 246 amino acids, which contains a short collagenous domain (Gly-X-Y) 19 . This predicted structure is similar to a number of membrane-associated proteins with either single or multiple collagenous domains in their extracellular C-terminal regions. Since mutations can only be identified in 10-15% of families with XLHED, it is likely that additional homologous exons exist for the human EDA gene. Hybridization of YACs from the EDA region with the Ta cDNA support this hypothesis. The predicted extracellular collagenous domain of this membrane protein may play a key role in epithelial-mesenchymal interactions, defects of which are thought to underlie the Ta/XLHED phenotype.
INTRODUCTION
Hypohidrotic (anhidrotic) ectodermal dysplasia (HED), the most common of the ∼150 described ectodermal dysplasias, is a disorder characterized by abnormal development of the hair, teeth and eccrine sweat glands (1, 2) . Although a rarer autosomal recessive form exists (3), the great majority of HED cases display X-linked inheritance and map to the EDA locus at Xq12-q13.1 (4) . The EDA gene has recently been identified by positional cloning and in situ hybridization showed expression in the epidermis, hair follicles and eccrine sweat glands (5) . Although the anticipated translation of the EDA gene had no obvious function or similarity to known proteins, it was predicted to contain a single transmembrane domain and noted to have a brief (Gly-X-Y) 4 repeat.
Two observations suggest that the entire EDA gene has not yet been isolated. First, Northern analysis showed a predominant form of the EDA message to be 6 kb in size, while the cDNA was 0.8 kb and contained only two exons. Second, only 10-15% of families with X-linked HED had detectable mutations in the EDA gene, all of which are within exon 1 (6, 7) . Despite efforts to amplify additional exons by RACE and to isolate longer cDNAs from a variety of libraries, larger transcripts have yet to be isolated (5; B.M.Ferguson, unpublished data).
Three mutant strains of mice have been identified with disorders analogous to HED: Tabby (Ta), crinkled (cr) and downless (dl) (8) . The latter two disorders map to chromosomes 13 and 10 respectively, but the genes have yet to be cloned. These three non-allelic mutations produce identical phenotypes: absent or abnormally shaped teeth, missing sweat glands and absence of some hair types. Male tabby mice have focal alopecia behind their ears, alopecia of the tail, absence of some vibrissae and an abnormal coat texture due to absent guard and zigzag hairs (8) . The Ta gene maps to the X chromosome, to a region that is syntenic with the human EDA gene, supporting the hypothesis that the disorder in the tabby mouse is analogous to that seen in X-linked HED (8) (9) (10) (11) . We undertook a search for the Ta gene, both to examine the degree of similarity between these two genes and to gain further insight into the structure, function and size of the Ta and EDA proteins. We report here the isolation and analysis of a candidate gene from the Ta locus and present evidence suggesting that it is similar to a class of proteins with a single membrane-spanning segment and one or more extracellular collagenous domains (12 
RESULTS
Initially we screened a mouse genomic λ library using a genomic subclone encompassing exon 1 of the EDA gene. A single positive clone was obtained. Single copy subclones isolated from this phage were shown to be deleted in Ta 25H /Y animals (data not shown), Ta 25H being a radiation-induced large deletion encompassing the Ta locus (9,13), supporting the conclusion that the clone corresponded to the mouse homolog of EDA exon 1. This was confirmed by sequencing a 2.9 kb EcoRI subclone that hybridized strongly with the EDA probe; 80% nucleotide identity over a distance of 1.2 kb was found between the murine sequence (14) and the human genomic sequence containing exon 1 (5). The murine sequence contains a long open reading frame (ORF) coding for a 132 amino acid peptide that corresponds to the conceptual translation of the first exon of the human EDA gene. The predicted translation of the mouse 'exon 1' is 87% identical to the EDA protein. As in the human gene, the murine translation start codon is flanked by conserved sequences predictive of efficient translation initiation (15) . Identical splice recognition sites (CAG/GT) conclude the murine and human ORF. A putative LEF1 binding site, a regulatory element found in some genes establishing cell fate in epithelial cells (16) , is conserved in both the mouse and human sequences, 660 bp upstream of the ORF.
PCR primers were designed based on mouse exon 1 sequence and used in conjunction with vector primers and a high fidelity Taq polymerase to screen a 17 day p.c. mouse cDNA library. Using this strategy, we identified a 1.5 kb cDNA product. Southern blot analysis of genomic DNAs cut with two different restriction enzymes identified four bands that were absent in Ta 25H /Y DNA, suggesting that there are at least four exons in the Ta cDNA (Fig. 1) . Two additional faint bands were present in both Ta/+ and Ta 25H /Y DNAs; these bands may either represent Ta exons that are distal to the Ta 25H deletion or cross-hybridizing sequences located elsewhere in the genome.
Sequence analysis of the cDNA demonstrated that the 5′-end is identical to 'exon 1' of the murine genomic clone and that an additional 1124 nt are present 3′ of the exon 1 splice site (17) . This 3′-sequence does not correspond to exon 2 of the EDA gene (5) . It extends the 132 amino acid ORF of exon 1 by an additional 246 residues, while the sequence 3′ of exon 1 of the EDA gene adds only three additional amino acids. A 386 bp 3′-untranslated region follows the termination codon, with multiple stop codons in all three potential ORFs. No poly(A) tail or polyadenylation signal was identified. The length and linearity of the cDNA sequence was verified by RT-PCR amplification of nt 46-1458, which includes the complete ORF, from mRNA isolated from embryonic mice (12 day p.c.) (data not shown).
The conceptual translation of the entire ORF, combining the full exon 1 ORF derived from genomic sequence and the cDNA sequence, predicts a 378 amino acid protein. Computer assisted analysis identified a single transmembrane segment, flanked by a 36 residue N-terminal domain and a 317 residue C-terminal domain (Fig. 2) . The C-terminal domain contains multiple (Gly-X-Y) repeats, in clusters of 2, 4 and 19 repeats. The (Gly-X-Y) 19 triplet repeat is interrupted by two amino acids between triplets 11 and 12. Similarity searches of both nucleotide and protein databases failed to find an identical match to the new sequence; however, strong similarities with collagens were found in the regions containing the (Gly-X-Y) repeats. A search of the Prosite database (18) indicated a potential site for glycosaminoglycan attachment and N-glycosylation within the C-terminal domain (Fig. 2) .
To analyze expression of the candidate gene, a Northern blot containing poly(A)-enriched mRNA, isolated from mouse embryos of different gestational ages, was hybridized with a genomic exon 1 probe. A 6 kb band appeared at days 11, 15 and 17 p.c. (Fig. 3A) . A second band, ∼2.1 kb in size, was weakly visible at 15 days and strongly visible at 17 days p.c.. The blot was subsequently hybridized with a 699 bp probe from the 3′-terminal end of the cDNA; only the 6 kb band was visible, with an identical pattern of increasing intensities at days 11, 15 and 17 p.c. (Fig. 3B ).
To corroborate that the candidate gene was the Tabby gene, mutation analysis of exon 1 was undertaken in four mouse lines with independently arising spontaneous mutations at the Tabby locus (Ta, Ta By , Ta 5J , Ta 6J ) (19) . Genomic DNAs were hybridized with an exon 1 probe. The Ta allele showed an ∼2 kb deletion, which included the exon 1 coding region, with EcoRI, EcoRV and HindIII digestions (Fig. 4A ). PCR amplification of genomic DNA with primers flanking exon 1 produced the appropriate size band with DNA from the background strain, but none from the DNA of a Ta/Y mouse (Fig. 4B) . Genomic DNA encompassing exon 1 was also amplified from the other three Tabby mutants and from a male of the corresponding wild-type background strain upon which the original Ta mutation arose. The 110 bp sequence immediately 3′ of exon 1 in the cDNA (exon 2) was successfully amplified by PCR from all Ta DNAs except for Ta 25H (Fig. 4B) . Sequence analysis of exon 1 revealed that two alleles (Ta By and Ta 5J ) had wild-type sequence, but one, the Ta 6J mutant, had a 1 bp deletion at position 1049, resulting in a frameshift mutation and premature termination of the anticipated protein at residue 135 (Fig. 4C) .
Finally, human YACs from the EDA region were hybridized with the Ta cDNA probe to identify homologous sequences. The probe, which included the cDNA 3′ of exon 1, detected two bands in the most telomeric YAC, yWXD1341 (Fig. 5) . The fact that the cross-hybridizing bands were present in yWXD1341 and not in the overlapping sequence of yWXD3583 suggests that the region(s) of homology is 250-400 kb 3′ of EDA exon 1 (20) .
DISCUSSION
We have identified a likely candidate for the murine Tabby gene based upon three lines of evidence. First, the predicted translation of exon 1 is highly homologous (87% identical) to the EDA protein, which is responsible for the analogous disorder in humans (5). The anticipated amino acid differences do not suggest any significant changes in structure or function at the N-terminal end of the protein. Both proteins are predicted to include a single transmembrane domain. A high degree of similarity also exists in the nucleotide sequence flanking exon 1, including a potential LEF 1 binding site (16) .
A second line of evidence supporting this gene being the Ta gene is the partial mutation analysis of five different Tabby alleles. Mutations involving exon 1 were identified among three of five mutant alleles analyzed. These include two large deletions (Ta and Ta 25H ) that eliminate one or more exons. A third allele, Ta 6J , contained a 1 bp deletion. This is predicted to cause a frameshift and premature termination, eliminating most of the protein C-terminal of the transmembrane domain. Although the two large deletions seen are consistent with the candidate being the Ta gene, the Ta 6J point mutation provides the most definitive evidence.
Finally, the expression pattern of the candidate gene in the developing mouse embryo also lends support to this gene being Tabby. It is first expressed at or prior to initiation of hair follicle (14-15 days p.c.) and tooth development (10-11 day p.c.) (21, 22) . The level of gene expression increases with increasing gestational age from days 11 to 17 days p.c., the period of active hair follicle and tooth development (23, 24) . Expression of the gene was also detected in the developing mouse mandible at 12 days p.c., coinciding with a time of early tooth development.
Northern hybridization with a probe from the 5′-end of the candidate gene (exon 1) detected two transcripts (6 and 2.1 kb), whereas a probe with the 3′-end of the cDNA identified only a single transcript (6 kb) . This suggests that the cDNA isolated represents a segment of the larger transcript. The detection of an identical 6 kb band with probes from either end of the cDNA confirms that the cDNA originated from a single transcript. This conclusion was further verified by sequence analysis of the Ta ORF PCR amplified from 12 day p.c. cDNA. Based upon the presence of a start codon flanked by Kozak sequences in exon 1 and the presence of multiple stop codons following the terminating stop codon, we believe that we have identified the entire ORF of this splice form. Future studies should reveal the complete size and sequence of the 5′-and 3′-untranslated sequences.
The 2.1 kb transcript detected by the exon 1 probe is likely to be an alternative splice form having a different developmental pattern of expression, first appearing at a later embryonic stage (17 days p.c.). This transcript may be equivalent to the EDA cDNA identified from an adult sweat gland cDNA library. Alternatively, the 2.1 kb RNA may be a cross-hybridizing, homologous transcript encoded elsewhere in the genome. This possibility seems less likely, however, since the exon 1 probe only detects a single band on Southern blots of wild-type DNA and no bands with DNA isolated from a Ta 25H /Y mouse.
The mouse cDNA described here encodes a 316 residue domain C-terminal of the transmembrane domain, whereas the reported EDA gene codes for a 74 residue C-terminal domain. Notably, the mouse protein contains 19 consecutive repeats of (Gly-X-Y), interrupted by two amino acids between repeats 11 and 12. Similar two residue interruptions have been seen in other proteins with collagenous domains and have been speculated to be caused by deletion of a glycine (25) . This repeated sequence may form a triple-helical structure, as typified by collagen molecules. Such structures are stabilized by the hydroxylation of a proline at the Y position of (Gly-X-Y) (12) . Both the X and Y positions of the (Gly-X-Y) repeats in the Tabby protein are proline rich, with 12 of the 19 repeats having a proline in the third position. Shorter stretches of two or four (Gly-X-Y) repeats are present elsewhere in the predicted protein; however, these are likely to be too short to form triple-helical domains. In addition, three cysteines are present near the C-terminus of the protein. Similar to other collagenous proteins, these sites may provide sulfhydryl cross-linking if the protein forms either homo-or heterotrimers.
Through epidermal-dermal recombination grafts in developing skin, the defective function in the Ta mutant strain was shown to reside in the epidermal layer (26) . This is consistent with the expression pattern of the EDA gene in keratinocytes and in the epidermis (5) . The Ta protein product may play one of several roles in the epithelial-mesenchymal signaling critical for the induction and development of teeth, hair follicles and eccrine sweat glands. It may be similar to ColXIII and ColXVII, both proteins that contain a single transmembrane segment followed by several interrupted collagenous domains (5, 27, 28) . ColXVII has been localized to the plasma membrane of keratinocytes, with the collagenous domains extending extracellularly (29) . These two proteins have been postulated to interact with components of the extracellular matrix, possibly playing a role in cell adhesion (12) . The type I and type II macrophage scavenger receptors are another class of membrane-associated proteins with collagenous domains (12, 30, 31) . These proteins bind a variety of polyanionic ligands, including acetylated low density lipoprotein (Ac-LDL). Deletion studies of the type II receptor have shown that the extracellular collagenous domain is essential for ligand binding (31) . By analogy, it is possible that the Tabby protein product functions by either transducing a signal presented by the mesenchymal cells or by facilitating cellular adhesion or migration of the epithelial and mesenchymal layers. The presence of a potential glycosaminoglycan binding site also raises the possibility that it may be a proteoglycan. One such membraneassociated proteoglycan, syndecan-1, has been shown to be important in the initiation of tooth development (24) .
Finally, the novel sequence discovered in the Ta gene is likely to be useful in the search for additional exons in the EDA gene. It is likely that at least one form of the EDA protein will contain a similar C-terminal domain. Indeed, cross-hybridizing sequences were identified in human YAC yWXD1341, which maps to a region 3′ of and distal to EDA exons 1 and 2. One affected male has been reported with a large genomic deletion telomeric to EDA exons 1 and 2 (5). This deletion may encompass new exons homologous to the Tabby gene, since it includes sequence tagged sites that are present on YAC yWXD1341 (20) . These additional exons may contain a large number of the 85-90% of mutations yet to be detected in families with X-linked hypohidrotic ectodermal dysplasia. Cloning of the Tabby gene should enhance the use of the mouse for the study of hair follicle, tooth and eccrine sweat gland development, since it is the first gene identified in these poorly understood developmental pathways.
MATERIALS AND METHODS

Library screens
The mouse genomic library was constructed using female 129 strain DNA cloned into the replacement vector λ Dash II (Stratagene Inc.). Screening was carried out using a radiolabeled 2.4 kb EcoRI fragment that includes exon 1 of EDA. Filters were washed at moderate stringency. EcoRI fragments from the λ insert were subcloned into pBS (Stratagene Inc.). Hybridization with the human exon 1 probe identified a 2.9 kb EcoRI subclone containing sequence homologous to EDA exon 1.
The Tabby cDNA was isolated from a mouse 17 day p.c. embryonic cDNA library in λgt10 (Clontech Inc.). DNA prepared from 10 6 independent clones was screened by PCR using the high fidelity Advantage cDNA cloning kit (Clontech Inc.). A primer from mouse exon 1 sequence (CTCTCGCTGGCCCTC-CACCTGCTGAC) was used in conjunction with λgt10 vector arm primers. Hybridization with the murine exon 1 genomic DNA identified a predominant 1.5 kb band, which was then gel purified and subcloned into a pCR2.1 vector (Invitrogen Inc.).
Southern and Northern hybridization
Ta 25H /Y and Ta 25H /+ animals were bred in house (N.B. and E.F.). Isolation of DNAs was carried out by standard procedures and digested with PstI, HindIII and TaqI. The Southern transfer was prepared using published techniques (32) and was hybridized with a radiolabeled Ta cDNA probe. The signal was visualized on a phosphorimager (Molecular Dynamics model 445 S1).
Mouse genomic DNAs from strains B6.C-A wJ Ta By /+ (genotype Ta By /Y), B6CBACa-A wJ /A-Ta jp/++ (genotypes Ta jp/Y and ++/Y), C3H/HeJ-Ta 5J /+ (genotype Ta 5J /+), C57Bl/6J-A 6J -Ta 6J /+ (genotypes Ta 6J /Y and +/Y), BALB/cBy (wild-type) and C57Bl/6J (wild-type) were obtained from the Jackson Laboratory (Bar Harbor, ME). Aliquots of 7 µg of each DNA were digested with either HindIII, EcoRI or TaqI (New England Biolabs Inc.) and electrophoresed on a 0.8% agarose gel.
The DNA was transferred to Hybond N+ nylon membrane (Amersham Inc.) using standard techniques. The membrane was hybridized with a radiolabeled 1.5 kb XbaI-EcoRI fragment of the murine genomic clone, including all of the putative exon 1 coding region. The radioactive signal was visualized using X-Omat film (Eastman Kodak).
YACs yWXD1237, yWXD1341, yWXD1849, yWXD1851 and yWXD3583 were obtained from the American Type Culture Collection. Samples of 2 µg of each strain were digested with EcoRI and run on a 0.8% agarose gel. The Southern blot was hybridized with a PCR product amplified from the Ta cDNA with primers TGGCCCTCCTGAATTTCTTC and CTGGGAAGT-CACATAGGCC.
A Northern blot (Clontech Inc.) containing poly(A)-enriched RNA from mouse embryos of various gestational ages (5-17 days p.c.) was sequentially hybridized with radiolabeled probes. The initial probe was a 515 bp PCR product, amplified from the genomic subclone with primers flanking exon 1. Subsequently, a 699 bp fragment was amplified from the 3′-end of the cDNA with a primer from the coding region (TCACTAT-GAACCCTAAGGTG) and a primer from the vector sequence. Hybridization was performed using the manufacturer's protocol (Clontech Inc.). The filters were exposed on X-Omat film (Eastman Kodak) for 1 and 2 days.
PCR analysis
PCR amplifications were carried out in 25 µl reaction volumes containing 10 ng DNA, 50 nmol each primer, 0.5 U AmpliTaq (Perkin-Elmer), 10% DMSO (Mallinkroft), 16.6 mM (NH 4 ) 2 SO 4 , 67.7 mM Tris, pH 8.8, 6.7 mM MgCl 2 , 6.7 mM EDTA, 170 ng BSA and 10 mM β-mercaptoethanol. Reactions were heated to 92_C for 30 s, 55_C for 30 s and 72_C for 1 min for 35 cycles. PCR reactions were performed in a PTC-100 (M.J. Research Inc.). Primers used for the amplification of Ta exon 1 were AGGACAG-TAGTCGCCTGT and GCCGCCGCCCTTCCTAGG and primers for exon 2 were TGGCCCTCCTGAATTTCTTC and GAC-CATCTGCTCCTTCAC.
Sequence analysis
Both the genomic and cDNA library clones were sequenced on both strands using M13 Forward and Reverse primers (US Biochemical Corp.) and specific oligonucleotide primers that were designed and synthesized on the basis of newly obtained sequence information. DNAs were gel isolated using Gene Clean II (Bio101 Inc.) and cycle sequencing was performed using Taq DyeDeoxy Terminators (Applied Biosystems). Sequencing reactions were run on a Model 373A DNA sequencer (Applied Biosystems). Alignments of nucleotide and protein sequences were performed using FASTA (33) . Nucleic acid sequence similarity searches were performed using the BLAST program against the non-redundant sequence and EST databases of the National Center for Biotechnology Information (34) . Protein similarity searches also utilized BLAST against a number of protein databases and the Prosite program (18) was used to identify potential protein motifs.
RT-PCR analysis
Mandibular tissues from 20 embryonic day 12 CD-1 Swiss mice (Charles Rivers) were used for isolation of RNA. Embryonic age was timed from the appearance of a vaginal plug (day 0) after mating and confirmed by Theiler's morphological criteria (35) . Pregnant mice were killed by cervical dislocation and embryos were removed from the uterus. The mandibles were isolated in Hank's balanced salt solution (Gibco, Grand Island, NY).
Isolation of RNA and RT/PCR were essentially as previously described (36) , with an increase in the annealing temperature to 65_C. The nucleotide sequences of the PCR primers were AGGACAGTAGTCGCCTGTC (5′ primer) and GGCCTATGT-GACTTCCCAG (3′ primer). Specific amplification was confirmed both by the size of the PCR fragments and by subsequent sequencing.
